_Abstract. Two major hypotheses have been advanced for the formation of the long wavelength (100-300 km) undulations of oceanic basement and overlying sediments developed in the central Indian Ocean basin: whole layer folding (buckling) and local thickening (inverse boudinage). Using appropriately scaled two-layer analogue models for the oceanic lithosphere comprising a brittle layer above a ductile layer, we show that buckling of the entire brittle layer is likely to be the mode of deformation. However, the lithosphere-asthenosphere boundary remains undisturbed. We find a relationship between the thickness of the brittle layer and the wavelength of folding such that the wavelength is 7 times the brittle layer thickness.
INTRODUCTION
The intraplate deformation in the northern Indian Ocean is now well documented from geophysical data [Weissel et 
(see also Bull [1990a] ) and the occurrence of strike-slip as well as dip-slip earthquakes [Bergman and Solomon, 1985; Petroy and Wiens, 1989] .
Although the style of deformation is well documented, there is still uncertainty as to the mode of instability that has facilitated the formation of the long-wavelength (100-300 km) undulations in this area. Two major hypotheses have been proposed for the formation of the longwavelength undulations: buckling and inverse boudinage [Zuber, 1987] . The first of these deformation modes, buckling, is characterized by uniform layer folding without substantial thickness variations and is usually associated with a relatively strong layer deforming under compression. Inverse boudinage, on the other hand, is the result of pinch and swell instability growing in a layer less competent than the surrounding layers [Smith, 1977] .
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While the oceanic lithosphere is never softer than its surrounding layers, some authors [e.g., Zuber, 1987] think that inverse boudinage might be the main deformation mode during compression if the lithosphere is not very strong, and if gravity plays an important role. Although some authors have discussed the amplification of periodic instabilities (buckling and inverse boudinage for example) as a deformation mechanism for the oceanic lithosphere [Zuber, 1987; Stephenson and Cloetingh, 1991] , there is still considerable uncertainty as to the modes of periodic instabilities and their relationships with lithospheric rheologies. In this paper we describe eight analogue experiments using the sandbox technique to clarify the development of periodic instabilities under compression and their relationships with faulting. We use an appropriately scaled two-layer, brittle-viscous rheology to represent the oceanic lithosphere. undulations of oceanic basement and overlying sediments. Second, there are shorter-wavelength (5-10 km) reverse faults and associated folds, the former penetrating throughout the deforming oceanic crust [Bull and Scrutton, 1990a] . The folds associated with these reverse faults occur in the hanging walls of reverse faults and appear on multichannel profiles to be limited to the sedimentary cover [Bull and Scrutton, 1990a] . Bull [1990a] concluded that the shorter wavelength phenomena had modified the longer wavelength, with some accentuation of the crests relative to the troughs, but that faulting alone could not have produced the observed long wavelength topography. There is an underlying flexural mechanism.
The nature of the relationship between the two spatial scales of deformation will be discussed later in this paper. Gordon et al. [1990] , from inversion of present-day spreading rates and directions of plate boundaries in the Indian Ocean, suggested a shortening rate of 1-7 mm yr4 in the central Indian Ocean basin, with the rate increasing eastward away from the predicted pole of rotation. We estimate shortening from north-south multichannel seismic profiles described by Bull argue for crustal thickening under the crest investigated by their seismic refraction experiment, and hence support the inverse boudinage hypothesis. The essence of their argument is that the amplitude of the gravity anomalies (--25 to -35 mGal peak to trough from the satellite data) is too small for the buckling hypothesis. However, shipcollected gravity data over the same crest (Figure 3) show a peak to trough amplitude of -50 mGals. Clearly, reduction of altimetry data (by the Haxby method at least) loses high frequency components. In particular, it underestimates crestal gravity values by -15 mGals. Twodimensional gravity modeling using ship-collected data (confirmed by three-dimensional modeling by Bull [1990b] ) with a uniformly folded 5 km thick crust over the same crest (Figure 3) gives a convincing fit to the observed data. Inverse boudinage (here for --30% thickening) gives insufficient amplitude. The authors would like to point out that this relation is certainly not as clear throughout the deformation area and that the situation is additionally complicated by poor knowledge of density variations within the sedimentary column.
In summary, observations give rise to mechanical approaches that try to characterize the periodic instabilities and to relate them to the oceanic lithosphere theology. The purpose of this study is to use the sandbox technique [Davy, 1986; Davy and Cobbold, 1991] [1985] argue that with thinning of the elastic core due to yielding at the top and bottom of a horizontally compressed lithosphere, the lithosphere buckles prior to whole lithospheric failure. This explanation seems sensible as all rocks deform elastically before permanent deformation (that is, brittle, semi-brittle or viscous) processes are activated. An elastic core is certainly maintained during the first stages of compression, when compressive stresses are still weak. This core is situated in the stronger part of the lithosphere which occurs at mid-lithosphere depths. The question is, does this elastic core still exist in the deformed Indian Fig. 3 . Two-dimensional gravity modeling for line S2 (see Figure 1 ). Densities for water, sediment, crust, and mantle are 1030, 2200, 2800 and 3300 kg m·3 respectively. Stippled area indicates the sedimentary layer. The continuous line is the observed Free-Air anomaly (FAA), and the dashed line is the anomaly produced by the underlying model which has a uniform 5.0 km thick crust. The dotted line shows the anomaly for a flat Moho, while the dot-dashed line is the anomaly for 30% thickening under the basement crest. Depth conversion was completed using velocities from Bull and Scrutton [199Gb) .
Ocean lithosphere? We do not believe so, and we think that the development of instabilities is controlled by the permanent deformation processes of the lithosphere. Applied to the intraplate deformation in the central Indian Ocean basin, the McAdoo and Sandwell model, using a slightly lower average lithospheric age (55 Ma) than we use (65 Ma), predicts a wavelength of the right order, 160-240 km ( Figure 4 ) with reasonable average compressive stresses of about 600 MPa. Such a stress level has been estimated by Cloetingh and Wortel [1986] with finite element calculations describing an elastic Indian Ocean plate and its boundaries.
However, the mechanical assumptions of the McAdoo and Sandwell model are disputable (see Martinod [1991] and Martinod and Davy [1992] for a longer discussion). The main criticism is that they assume that the stresses applied to the entire lithosphere are entirely redistributed in the elastic core although it represents less than 20% of the lithosphere thickness. In addition, they neglect the role of plastic (that is, permanent) deformation in the model.
In fact, plastic deformation processes appear to be very efficient in producing periodic instabilities. Most plastic models have studied the behavior of power law ductile flows where the strain-rate is proportional to -1', where T is the deviatoric stress and n is the exponent of the power law, the limit of n at infinity being a good representation of a purely plastic material with a yield stress (see Fletcher and Hallet [1983] , Ricard and Froidevaux [1986] , Zuber et al. [1986] , Zuber [1987] , Bassi and Bonnin [1988] and a complete review and criticisms by Martinod and Davy [1992] ). The greater the value of n, the more unstable the material is with respect to periodic instabilities. Therefore, the driving role is given to the upper brittle layer, which can be viewed as a purely plastic material (n equal to infmity).
In compression, the periodic instability predicted by this plastic model is buckling. Zuber [1987] proposed that inverse boudinage could also develop. This latter mechanism fits well the wavelength observed in the Indian Ocean but is obtained for unrealistic models of the rheology of the oceanic lithosphere. In one model, she considers the oceanic lithosphere to be entirely made of Newtonian viscous rocks. It is obviously not the case in nature. Furthermore, Martinod and Davy [1992] show that periodic instabilities developing during the compression of the lithosphere are controlled by the brittle layers of the lithosphere, and so this case is not considered here. In a second model, Zuber [1987] considers the lithosphere as a strong plastic layer floating on soft Newtonian asthenosphere. This model predicts that the compression of this model gives birth to the development of a short wavelength inverse boudinage, which is not consistent with observations available in the area, except if the lithosphere is supposed to be very thick (more than 50 km). The reasons for obtaining this last result are not clearly explained. The inhibition of the short-wavelength instabilities by the strong viscous layer present at the base of the lithosphere was certainly missed (see Martinod [1991] and Martinod and Davy [1992] for a longer discussion).
Calculations for infinitesimal perturbations predict a ratio between the most probable wavelength (L) and the thickness of the plastic layer (hI) of 4. These mechanical results are obtained from simplifications of the mechanical equations. The main reasons for these simplifications are the highly non-linear form of the basic rheological equations including, at worst, the stress drop linked to faulting. Thus these results deserve to be tested by experiments using properly scaled materials. Moreover, some questions remain as to the nature of the instability, the method of amplification, and the relationship to faulting.
OCEANIC LITHOSPHERE RHEOLOGY AND THE SCALING OF THE ANALOGUE SYSTEMS
For an experiment to be appropriate for a natural system requires a good knowledge of this system. Thus we briefly review the oceanic lithosphere rheologies. 
Analogue Materials Rheology and Scaling
The experimental technique that we used is especially relevant to the study of the brittle-ductile interactions with correct gravity forces. Our "lithosphere" is made of dry sand and silicone putty resting on a heavy weak The three-layer model was placed in a sandbox with piston and motor as shown in Figure 6 . A laser ranging device was used to measure the amplitude of the topography developed in the model by moving longitudinally at a constant height (usually 30 cm above the model). These were the first experiments to be run in Rennes using a laser, and controlling software was developed during the course of the experiments. For this reason, no laser profiles are available for the first experiment, and the results are poor for the next two. A camera was also placed above the model to photograph changes in a grid of white plastic powder (ethyl cellulose) on the top of each model.
Before the piston was started, the initial topography was measured several times using the laser so that the final profiles could be corrected for any preexisting topography. A constant compressive strain rate could then be applied through the model by the piston. Although the piston applied compression to the whole side of the model, the presence of holes in the lower part of the piston meant that the asthenospheric layer (honey/dense water) was only weakly stressed. Initially, identical models were run using different strain rates; strain rate was varied by using different motor speeds. The topography developed was the same in all experiments, and hence we had verified that the deformation was independent of strain rate.
Clearly into the profile due to the finite time taken to complete a laser profile. Following the experiment the initial topography was removed from all the measured profiles. Spectral analysis was then undertaken on these corrected profiles to determine the principal wavelengths present. The wavelength was estimated purely from photographs for experiment 1, and from both photographs and spectral analyses for experiments 2 and 3. Laser profiles were sufficiently good for experiments 4 to 8 that wavelengths were taken from the spectral analyses, although the corresponding photographs were checked for corroboration.
In experiments where dense water was used for the asthenosphere, the model was frozen after completion. When completely frozen these models were sawn into longitudinal sections, which were perpendicular to the fold axes, to determine the mode of deformation in the model.
RESULTS
In all the experiments, dear undulations could be observed in the top of the brittle layer before the appearance of the first reverse faults. Longitudinal sections of the models (Figure 7 Spectral analyses of the successive topographies have been performed (Figures 9 and 10) . They all show that, at least at the beginning of the appearance of vertical movements, only one wavelength is present. It is the wavelength of brittle layer buckling.
The results of the experiments and spectral analyses are given in Table 2 . Listed for each experiment is the thickness of the brittle layer, buckling wavelength developed, and the ratio of buckling wavelength to brittle thickness. The ratio of buckling wavelength to brittle layer thickness (Table 2) included, it is likely that it would have speeded up the growth of the undulations and contributed to the accentuation of the crests relative to the troughs [Bull, 1990a] . Another simplification is the absence of a weak negative density gradient at the base of the lithosphere. In the models, for obvious practical reasons, it was necessary to build a lithosphere slightly less dense than the asthenosphere. This positive density contrast does not modify the early development of the instabilities: when the instabilities remain small, the lithosphere-asthenonsphere boundary is not affected by them, and it remains fiat. However, this density contrast prevents the model lithosphere from sinking into the model asthenosphere as might be observed after the appearance of faults that break the entire brittle domain. Thus subduction zones cannot occur in the models, as might be expected for large amounts of shortening and extreme buckling. Although the analogue experiments successfully model the long-wavelength features, they are less satisfactory in modeling the shorter-wavelength features represented in the central Indian Ocean by reverse faulting and associated folds in the overlying cover. In the experiments, buckling (which starts at •,1.0% shortening) precedes faulting, and when detectable faulting occurs (after •,5.0% shortening), it appears preferentially at the inflection points of the undulations. The appearance of faults at inflection po'mts is not surprising, because at these positions the bending stress is a maximum. In the natural system, however, faults do not preferentially occur at the inflection points [Bull, 1990a] , and motion along the faults appears to have been steady since the onset of deformation [Shipboard Scientific Party, 1989] .
It is 'roterest'rag to compare the shape of the undulations observed in the Indian Ocean with the shape of folds produced in the analogue experiments. As discussed briefly above, the undulations in the Indian Ocean tend to have broader troughs and sharper crests. The reason for this is likely to be a combination of the roles of faulting [Bull, 1990a] and sedimentation. In the analogue models we tend to observe symmetrical folds, and this we ascribe to the absence of modeled sedimentation and our failure to model the shorter-wavelength faults. Smith [1979] showed that, for compression of a non-Newtonian layer, tongues of incompetent material will sharpen and penetrate while the tongues of competent material will tend to broaden and retreat. This is the exact opposite of the trend observed in the Indian Ocean and thus we conclude that the presence of cusptike basement ridges pointing up into the weaker sediment layer in the Indian Ocean is unlikely to be produced by the amplification of instabilities (whether by buckling or inverse boudinage).
The question remains therefore as to the nature of the high-angle reverse faults at depth, and indeed the relationship between the faults and the long wavelength undulations in the Indian Ocean. As was mentioned previously, Bull [1990a] showed that faulting alone could not have generated the undulations. In this paper we have shown that buckling is the facilitating mechanism. We follow the argument of Bull and Scrutton [1990a] 2. There is an association such that the buckling wavelength is typically 7 times the brittle layer thickness. The reasons for this association are poorly understood and are the subject of continuing work.
